The Indian Peak volcanic field is representative of the more than 50,000 km3 of ashflow tuff and tens of calderas in the Great Basin that formed during the Oligocene-early Miocene "ignimbrite flareup" in southwestern North America. The field formed about 32 to 27 Ma in the southeastern Great Basin and consists of the centrally positioned I n d i Peak caldera complex and a surrounding blanket of related ash-flow sheets distributed over an area of about 55,000 km2. The field has a volume on the order of 10,000 km3. A cluster of two obscure source areas and four calderas comprise the -80 x 120 km caldera complex. Only minor volumes of rhyolite and two pyroxene andesite lavas were extruded episodically throughout the lifetime of the magma system that formed the field, chiefly during its youth and old age.
Six ash-flow sequences alternate between rhyolite and dacite in a volume ratio of about 1:8, and a culminating seventh is trachytic. The first, fourth, and sixth tuff units are of rhyolite that contains sparse to modest amounts of phenocrysts, chiefly plagioclase and biotite, and abundant lithic and pumice lapilli; these deposits are confined within the caldera complex and form multiple and compound cooling units that are normally zoned with respect to bulk chemical composition and crystal type, content, and size. The second, third, and fifth tuff sequences are of crystal-rich dacite that forms extensive simple cooling-unit outflow sheets and partial caldera fillings of compound cooling units. Each dacite unit contains similar amounts of plagioclase, biotite, hornblende, quartz, two pyroxenes, and Fe-Ti oxides; trace amounts of sanidiine and titanite also occur in the youngest. Cognate inclusions in the dacites show only slight intra-and inter-unit differences in bulk chemical composition. The seventh eruptive sequence consists of several cooling units of trachydacite tuff containing small to modest amounts of plagioclase and two pyroxenes.
These dominantly high-K calc-alkaline rocks are a record of the biih, maturation, and death of a large, open, continental magma system that was probably initiated and sustained by influx of mafic magma derived from a southward-migrating locus of magma production in the mantle. The small volumes of chemically diverse andesitic rocks were derived from separately evolving magma bodies but are modified representatives of the mantle power supply. Recurrent production of very large batches (some greater than 3,000 km3) of quite uniform dacite magmas appears to have required combination of andesite magma and crustal silicic material in vigorously convecting chambers. Compositional data indicate that rhyolites are polygenetic. As the main locus of mantle magma production s h i e d southward, trachydacite magma could have been produced by fractionation of andesitic magma withiin the crust.
INTRODUCTION
We document a large-volume, cyclic eruptive sequence of rhyolite, dacite, and trachydacite ash-flow tuffs and coeval andesite and rhyolite lava comprising the Indian Peak volcanic field astride the southern Utah-Nevada state line. Tuffs were derived from a centrally positioned magma locus marked by the Indian Peak caldera complex, a cluster of four known calderas and two inferred source areas. The dacite tuffs are representative of the Monotony compositional type of tuff which dominates the late Oligocene of the Great Basin (Best and others, 1989a ; compare the "monotonous intermediates" of Hildreth, 1981) . The origin of similar crystal-rich dacite tuff in the San Juan field is the subject of recent controversy (Whitney and Stormer, 1985; Johnson and Rutherford, 1989; Grunder and Boden, 1987) .
Compared to contemporaneous volcanic fields around the Colorado Plateaus to the east ( Fig. l) , the -10,000 km3 of ash-flow deposits in the Indian Peak volcanic field is an order of magnitude greater than in the Marysvale field (Steven and others, 1984) but similar to that of the San Juan (Steven and Lipman, 1976) and Mogollon-Datil fields (RattC and others, 1984) . In these three fields, however, individual ashflow eruptions were on the average smaller, and more calderas formed than in the Indian Peak. The Indian Peak field also differs from the other three in its overwhelming dominance of silicic ash-flows over intermediate lava flows, a characteristic aspect of Oligocene-early Miocene rocks of the Great Basin (Best and others, 1989a) . This paper summarizes the eruptive history of the Indian Peak volcanic field and the basic compositional characteristics of the rocks and concludes with a provisional history of the magma system that provides a basis for continuing more detailed analytical studies of its thermochemical evolution.
REGIONAL GEOLOGIC SETTING
Tertiary volcanic rocks are virtually the only magmatic rocks of Phanerozoic age in the southeastern Great Basin. They were deposited on an erosional surface of modest relief carved into a thick, upper Proterozoic through lower Mesozoic miogeoclinal sedimentary sequence. During the Cretaceous Sevier orogeny, this sequence was folded and thrust-faulted and subsequently locally overlain by lower Tertiary sedimentary deposits (Stewart, 1980) . A growing body of data documents episodes of locally extreme crustal extension (as much as 300%) in the middle Cenozoic era (for example, Wust, 1986) before, during, and after volcanism and generally before the classic high-angle Basin and Lipman (1984) , Ratti! and others (1984) , Sargent and Roggensack (1984) , Steven and others (1984) , and Stewart and Carlson (1976) . Dotted line is approximate margin of Colorado Plateaus.
---
Range normal faulting and extension in the late Cenozoic era. Many recent interpretations of the total amount of this more or less east-west extension suggest that it varied greatly from place to place through time (for example, Coney and Harms, 1984; Wells and Heller, 1988; Taylor, in press) , precluding a reliable single-value estimate of the stretching of Great Basin tuff sheets. We use a figure of 50% east-west crustal extension since deposition in restoring the distribution of the different sheets and in calculating their original volumes.
The Cenozoic volcanic history of the central western United States is dominated by a broad southward sweep of essentially calc-alkaline igneous activity (Cross and Pilger, 1978) while oceanic lithosphere was subducting beneath the western margin of North America. Between about 30 and 25 Ma, this transgressive activity decelerated or even stagnated in the southern Great Basin (Best and others, 1989a) where the Indian Peak volcanic field developed. This broad zone of voluminous late Oligocene-early Miocene volcanic rocks extends across Nevada and Utah into southwestern Colorado (Fig. 1) . Within this zone, chiefly calc-alkaline, highly potassic intermediate to silicic volcanism was gradually supplanted by bimodal basalt-rhyolite volcanism in the late Cenozoic era. Within the eastern Indian Peak volcanic field, early, middle, and late Miocene episodes of generally highsilica rhyolitic activity were accompanied by extrusion of mafic lavas, but not until the last episode had their content of K 2 0 and Si02 decreased to the level of true basalt others, 1980, 1987~) .
GEOPHYSICAL EXPRESSION O F THE CALDERA COMPLEX
Although bearing the overprint of basin and range faulting, gravity data delineate the -80 x 120 km Indian Peak caldera complex (Fig. 2) . None of the Oligocene calderas has any topographic expression in the present terrain which is dominated by northerly trending basins and ranges produced by subsequent block faulting; nearly half of the caldera complex now lies buried beneath alluvium-filled basins. Most importantly, gravity gradients mark the southwestern and southern margin of the complex which is apparently filled with thick, low-density tuff or underlain by low-density intrusive rocks. Without the gravity data, the southern margin can be only indirectly located, even in the mountain ranges, because of an extensive cover of younger volcanic rocks.
Aeromagnetic data (Zietz and others, 1976, 1978) also disclose the general location of the Indian Peak caldera complex.
Geologic mapping corroborates the compound nature of the geophysically expressed caldera complex. Topographic margins of four nested calderas are indicated by striking discontinuities in thickness of tuff deposits and by coarse breccia of older rocks shed off caldera walls. Short segments of caldera-bounding faults are locally exposed or indirectly expressed by small dacite lava domes. The sources of two additional ash-flow sheets are approximately located by the distribution of the sheets and by clast size.
ERUPTIVE HISTORY
The Indian Peak volcanic field was dominated by eruption of voluminous ash flows (Figs. 3, 4, and 5) ; lavas are much less extensive, and deposits of pyroclastic surge and fall are rare. Rock analyses (Tables 1,2 , and 3) indicate that the volcanic field is typical of the Great Basin as a whole (Best and others, 1989a) ; the rocks have relatively low Fe/Mg ratios and generally high K 2 0 concentrations that qualify them as a high-K calc-alkaline suite (Ewart, 1979) .
Voluminous eruption of lavas did not precede nor accompany ash-flow eruptions from the Indian Peak complex, in contrast to other nearly contemporaneous volcanic fields in the southwestern United States (Marysvale, UtahSteven and others, 1984; Mogollon-Datil, New Mexico-RattC and others, 1984; and San Juan, Colorado-Lipman, 1975 ; Fig. I) . Had large piles of lava existed, it is unlikely that all of the edifices as well as peripheral alluvial deposits would have been completely engulfed. Extensive lavas do not occur in resurgent parts of the calderas, which locally expose Paleozoic rock on the caldera floor. Only small volumes of Figs. 5A and 5D ). Assumed crustal density is 2.67 g/cm3; contour interval is 10 mgal, with progressively more negative 35-34-m.y.-old rhyolitic tuffs and lavas were emplaced in and near the volcanic complex prior to its development (Best and others, 1987%; Loucks and others, 1989) .
Volumes of ash-flow tuff deposits in Figure 3 were calculated using restored areas based on 50% east-west crustal extension and the method of Ekren and others (1984) . The lack of a tight control on the amount of extension is a possible major source of error in the listed areas and volumes. For example, the estimated volume of the outflow member of the Wah Wah Springs Formation is about 1,500 km3 if an east-west extension of loo%, which we consider excessive, is used. Several additional factors also contribute to the uncertainty of areas and volumes, as follows.
(1) Edge of outflow sheet may have been eroded before deposition of younger sheet.
(2) Areas of older calderas engulfed by younger are uncertain. (3) The thickness of intracaldera tuff now obscured by resurgence, basin-andrange faulting, and younger deposits in known calderas and concealed sources is uncertain. Volume estimates of intracaldera dacite tuff in Figure 3 are probably conservative; volumes of Cottonwood Wash and Isom tuffs do not include possible thick accumulations within their sources. (4) The existence of predeposition topography created variably thick deposits, especially of older tuff sheets. (5) A final factor is the porosity of minor weakly and rarely nonwelded parts of some outflow sheets that has not been compensated to a dense-rock equivalent.
Escalante Desert Formation and the P i e Valley Caldera
Initial eruptions about 32 Ma from the Indian Peak caldera complex produced several hundred cubic kilometers of a bimodal assemblage of rhyolite tuff and minor rhyolite and twopyroxene andesite lava of the Escalante Desert Formation ( Fig. 3 ; Best and Grant, 1987) .
The crystal-poor Marsden Tuff Member is almost everywhere propylitically altered and is generally characterized by conspicuous xenoliths of sedimentary rock and rhyolite; variations in their size and concentration indirectly indicate the location of an obscure source (the Pine Valley caldera) largely engulfed in younger calderas (Best and Grant, 1987) . Phenocrysts consist of plagioclase and minor quartz, sanidine, biotite, Fe-Ti oxides, apatite, and zircon (Fig. 6) ; these increase in abundance upward.
The younger Lamerdorf Tuff Member contrasts with the Marsden in its greater areal extent (Best and Grant, 1987) , generally thinner, more densely welded cooling units that have local basal vitrophyres, more phenocrysts of larger size, and conspicuous xenoliths of rhyolite. The areas below -200 mgal more strongly stippled. Lamerdorf contains minor amounts of clinopyroxene, hornblende, Fe-Ti oxides, apatite, and zircon, in addition to more abundant plagioclase and biotite.
Rhyolite and andesite lava flows are more widespread in the Escalante Desert Formation than in the younger formations within the caldera complex and occur chiefly in and near its north and east sectors.
Andesite lavas are generally nonvesicular, two-pyroxene plagioclase rocks, but phenocrysts of biotite and hornblende also occur in lavas in the southern Fortification Range. Andesite lavas include both high (greater than about 5%) and low MgO varieties (Figs. 7 and 8) ; the magnesian andesites also have higher K 2 0 and lower Al2O3 concentrations.
Chemical analyses of the rhyolites of the Escalante Desert Formation show that the Lamerdorf tuff and most of the lavas are low-Si02 rhyolite and even dacite (67% to 72% SiOz; Table 2 and Fig. 7) . The Lamerdorf tuff displays slight vertical chemical zonation with Si, K, and Rb depleted and Al, Fe, Ca, Sr, Zr, and Ba enriched in the upper part of the tuff. Most samples of the rhyolitic lavas and Lamerdorf tuff are enriched in K, Ba, Ti, and Zr and depleted in Ca compared to younger rhyolites (Fig. 8) .
Cottonwood Wash Tuff
The next eruptive event at 30.6 Ma formed the Cottonwood Wash Tuff, generally a simple cooling unit of crystal-rich dacite ash-flow tuff.
Thickest sections (as much as 300 m, Fig. 5A) are commonly marked by gray, near-basal vitrophyres. The distribution and thickness of the tuff, its vitrophyre, and local lithic clasts suggest a source between the northern Needle and Fortification Ranges and south of the Snake Range. These ranges themselves disclose no direct evidence of a nearby fault-bounded depression. Nonetheless, gravity data ( Fig. 2 ) permit a buried source for the -1,500 km3 of tuff.
The Cottonwood Wash Tuff has a phenocryst assemblage dominated by plagioclase and uncommonly large books of biotite (up to 8 mm across); embayed bipyramidal quartz; hornblende (small grains inconspicuous in hand sample), two pyroxenes, Fe-Ti oxides, apatite, and zircon make up the rest (Fig. 6) . Like other dacites in the Indian Peak field, the Cottonwood Wash has relatively low Zr concentrations for its Si02 content (Fig. 8) .
Wah Wah Springs Formation and Indian Peak Caldera
Emplaced at about 29.5 Ma, the tuff of the Wah Wah Springs Formation comprises a widespread simple cooling unit of crystal-rich dacite that ranges up to 520 m thick outside of its resurgent Indian Peak caldera source (Best and Grant, 1987; Figs. 2, 4, and 5B). The intracaldera member of the formation consists of breccia, intrusive rocks, and a thick compound cooling unit of dacite tuff similar to the outflow tuff member but containing conspicuous lithic fragments and variable but commonly slightly more abundant phenocrysts of quartz (Best and Grant, 1987; Best and others, 1987a) . Together, the volume of the intra-and extra-caldera tuff is on the order of 3,000 km3.
Less quartz, more hornblende, and smaller phenocryst size (especially biotite) distinguish the Wah Wah Springs from the otherwise similar Cottonwood Wash Tuff (Fig. 6 ). There are only minor differences in the chemical compositions of bulk samples of these two high-K calcalkaline dacites (Table 3 ; Figs. 7 and 8) .
Little andesite lava was erupted during the middle history of the volcanic field when voluminous eruptions of dacite occurred. Only small outcrops of andesite of possible Wah Wah Springs age have been found within the caldera complex (Table 1) . Sixty kilometers north of the caldera complex, an olivine-bearing, high-MgO basaltic andesite lies between the Cottonwood Wash and Wah Wah Springs tuffs. This lava shows compositional similarity to those in the Escalante Desert Formation ( Table I) .
Ryan Spring Formation
The Ryan Spring Formation consists mostly of several hundred cubic kilometers of variably welded rhyolite tuff that is virtually identical in hand sample to the rhyolite tuffs of the Escalante Desert Formation. The basal or Greens Canyon Tuff Member of the Ryan Spring Formation commonly contains clasts of Wah Wah Springs tuff instead of sedimentary xenoliths as is characteristic of the otherwise similar but older Marsden tuff. In the moat of the resurgent Indian Peak caldera in the northern White Rock Mountains (Best and others, 1989b) , the Greens Canyon Tuff is a wmpound cooling unit as much as 1.4 km thick that consists of five woling units with local vitrophyres near their bases. Directly overlying the Greens Canyon is the upper, or Mackleprang Tuff Member of the Ryan Spring Formation that is more strongly porphyritic and in most places cannot be distinguished in outcrop from the Lamerdorf Tuff Member of the Escalante Desert Formation; in the field, these "twins" can be distinguished only by reference to stratigraphic position.
Tuff of the Ryan Spring Formation is almost wholly confined within the Indian Peak caldera (Best and Grant, 1987; their Figs. 4 and 5) which probably also wntains its source. In the Atlanta, Nevada, open-pit gold mine, thick, altered tuff is banked against silicified Paleozoic carbonate rocks (Willis and others, 1987) . Locally derived slabs of brecciated Paleozoic rocks appear to lie on the tuff, suggesting recurrent collapse of the Indian Peak caldera as tuff of the Ryan Spring Formation was erupted.
The similarities in age, distribution, and mineralogy suggest that the Greens Canyon and Mackleprang tuffs are, respectively, the lower and upper parts of a single eruption sequence that is wmpositionally normally zoned. The Greens Canyon is slightly more evolved (lower Ti, Al, Fe, Mg, and Zr and higher Si) than the Mackleprang (Table 2 ) and, like many normally zoned ash-flow deposits, it contains fewer and smaller phenocrysts (Fig. 6) . The Mackleprang Tuff lacks the sparse quartz and sanidine phenocrysts found in the lower unit. Compared to the similarly zoned Lamerdorf Tuff and the rhyolite lavas of the Escalante Desert Formation, the Ryan Spring tuffs have slightly lower concentrations of Ti, Fe, Mg, Y, Zr, and Ba ( Fig. 8) . Like the Lamerdorf Tuff, however, the Ryan Spring tuffs are low-SOz, high-K, calc-alkaline rhyolites ( Fig. 7) .
Minor volumes of andesite that occur beneath the Mackleprang tuff in the southeastern segment of the Indian Peak caldera have been assigned to the Ryan Springs Formation. These two-pyroxene plagioclase andesites (Table 1) locally contain hornblende. 
K I L O M E T E R S 6 0
Lund Formation and the White Rock Caldera Lund tuff appears to be similar to that of the Wah Wah Springs Formation (Fig. 3) . Eruptions at 27.9 Ma produced another
The perimeter of the White Rock caldera is voluminous crystal-rich dacite tuff that consti-indirectly marked by gravity gradients on the tutes most of the Lund Formation and created south and west ( Fig. 2) and by geologic relations the resurgent White Rock caldera that engulfed elsewhere (Best and Grant, 1987) . The topothe southwestern part of the older Indian Peak graphic margin is well exposed in the northern caldera (Figs. 2 and 5C ). The volume of the White Rock Mountains (Best and others, 1989b) where massive Lund and younger R i p gut and Isom tuffs that fill the caldera thicken southward from a few tens of meters to as much as 2 km. In the northern Wilson Creek Range (Willis and others, 1987) , the topographic margin is marked by the southward thickening tuff member of the Ripgut Formation. Beneath the Ripgut, breccia of Wah Wah Springs and Ryan Spring tuffs, Paleozoic carbonate rocks, and, lo-tuff and breccia in the Fairview Range (20 km placed along the caldera-bounding fault marking cally, granitic rock occur as wedges intercalated due west of Mount Wilson; Fig. 4) . the structural margin of the caldera. within intracaldera Lund tuff. If unfaulted, the Five small masses of porphyritic and locally Southward from Atlanta, Nevada, the youngintracaldera Lund tuff and breccia could be as flow-layered dacite similar to the Lund tuff er Ripgut tuff thickens and then thins and much as 3 km thick in the northern Wilson occur inside the northern topographic margin of pinches out north of Mount Wilson (Willis and Creek Range. Reconnaissance work has re-the caldera (Fig. 5C ). These are interpreted to be others, 1987). This lens-shaped mass of tuff devealed a similar intracaldera sequence of Lund shallow intrusions and lava-flow remnants em-fines a moat between the topographic wall of the 2; Willis and others, 1987) . Mount Wilson itself is underlain by as much as 2 km of the tuff member of the Ripgut Formation. Southward in the Wilson Creek Range, as much as several lies within the range observed for the other da-tuff member of the formation, southwardcites from the magma system; however, there are small differences in Rb, Sr, Zr, and Ba (Table 3 ; Fig. 8 ).
thinning wedges of the breccia member are intercalated with the tuff member. These two members, which comprise the intracaldera se- As defined by Best and Grant (1987) , the youngest unit in the Needles Range Group is the caldera and has either a matrix of Ripgut tuff or comminuted Lund tuff. An easily accessible, well-exposed reference section for the tuff Lund Formation. Since that report was written, member of the Ripgut Formation is in the Atlanta 7% minute quadrangle north of White Rock-Bailey Spring to the top of hill 8046 however, the Ripgut Formation has been found to be an integral part of the Indian Peak volcanic field and is therefore now included as the which is capped by Isom tuff. This section is in an unsurveyed area at 38'25'10"N and 114O22'5"W.
youngest formation in the Needles Range Group.
The tuff member of the Ripgut Formation is rhyolite and petrographically similar to the older Marsden and Greens Canyon tuffs (Fig. 6) . As in other rhyolite tuffs in the complex, volcanic xenoliths are locally abundant; in the Ripgut, these clasts are of Wah Wah Springs and Lund tuffs. As many as three ash flows comprise the compound cooling unit in which intensity of welding and compaction range from dense, black or dark brown vitrophyre as much as 40 m thick upward into a nonwelded, glassy lapilli and ash mixture. The sequence of Ripgut cooling units is wmpositionally zoned (Table 2 and Figs. 6 and 8) . The basal unit has only a few percent small phenocrysts of plagioclase, biotite, quartz, sanidine, and Fe-Ti oxides. This unit is a high-Si02 rhyolite with low concentrations of CaO (0.7 wt%), MgO (0. I%), Ti02, Fe203, P2O5, Sr, and Zr (Table 2 and Fig. 8 ). The upper unit on Mount Wilson has about 5% phenocrysts of plagioclase, biotite, hornblende, quartz, and trace amounts of titanite and Fe-Ti oxides. It is a lowsilica rhyolite like the Ryan Spring tuffs.
Isom Formation
Trachytic ash flows erupted about 27 Ma formed one to three tuff cooling units of the Isom Formation (Anderson and others, 1975) in and near the caldera complex. The distribution and thickness of the formation (Fig. 5D) and size of pumice clasts point to a source north of Modena as suggested by Rowley and others (1979) . Widespread Miocene volcanic rocks and alluvium, however, conceal the source area of the more than 1,300 km3 of pyroclastic material. Based on this overlapping source area, a time lapse on the order of only 1 m.y. since eruption of the Lund tuff and accordingly less for the Ripgut tuff, and their high-K calc-alkaline compositions, it appears that the Isom magmas were derived from the Indian Peak system.
Cooling units are everywhere densely welded and commonly have black basal vitrophyres a meter or two thick. Vugs partly filled with vapor-phase minerals are typical; both vugs and pumice lumps are commonly flattened and elongated, presumably due to secondary flowage after deposition. In some thick sections within the Indian Peak caldera complex, flow units of Isom mineralogy that lack eutaxitic texture may be lava-like, ash-flow tufk formed by secondary flowage after deposition on an uneven surface (compare Ekren and others, 1984 Dinkel (1969) , Kreider (1970) , Best and others (1973) , Anderson and others (1975) , and Grant (1978) are averages of many analyses; modes of other units are based on at least 1,500 points counted in a single thii section supplemented by mineral separations. This single mode is considered representative of the unit judging from examination of hundreds of outcrops. P, plagioclase; B, biotite; Q, quartz; H, hornblende; C, clinopyroxene; 0, orthopyroxene; X, orthopyroxene plus cliopyroxene; M, Fe-Ti oxides, chiefly magnetite; S, sanidine; T, titanite. Plus signs precede accessory phases. Most rocks contain trace amounts of apatite and zircon. The right side of the figure shows the relative volumes of rhyolite and andesite lava flows in and near the caldera complex.
crysts of plagioclase and two pyroxenes, suggest a relatively high temperature of emplacement.
The Isom is the most distinctive unit in the Indian Peak volcanic field. It is the only tuff in which pyroxenes rather than biotite and homblende dominate as mafic phases; the Isom possess the same mineral assemblage as most of the andesitic lavas. Apatite commonly occurs as inclusions in pyroxene, and zircon is sparse.
Andesitic lavas that erupted late in the evolution of the volcanic field underlie the Isom tuff in several localities, mostly in the southern part of the caldera complex. These two-pyroxene (and locally hornblende-bearing) andesites have been included in the Isom Formation. In the southern Needle Range, lavas of this age have compositional characteristics transitional to the distinctive Isom tuff, including high Zr and K 2 0 concentrations ( Fig. 8) .
COMPOSITIONAL RELATIONS
During its 5-m.y. lifetime, the magma system beneath the developing Indian Peak caldera complex sporadically erupted rhyolite and andesite lavas and cyclically erupted much larger volumes of rhyolite and still more voluminous dacite ash flows. Modal and bulk chemical compositions of these rocks provide some general insights into the nature and evolution of the magma system. Elemental concentrations were determined by X-ray fluorescence spectrometry at BYU using the Norrish and Hutton (1969) method of sample preparation and data reduction. Major elements were determined on fused glass disks and minor and trace elements on undiluted pressed rock powders. Samples were analyzed in duplicate and tied to calibration lines of several NIM and USGS rock standards. Total iron is reported as Fe203. Estimates of precision are shown in Table 1 .
With few exceptions, the compositional variety of rocks in the Indian Peak volcanic field (subalkaline, metaluminous andesite to rhyolite) is broadly similar to those in other continental magmatic arcs that developed over subducting oceanic lithosphere (Ewart, 1979) . In terms of the lack of Fe enrichment, relatively low Ti02 concentrations (less than I%), and position on a normative plagioclase versus A1203 diagram (Irvine and Baragar, 1971) , they are calcalkaline; the rock series is calcic to calc-alkalic as defined by Peacock (1931) . Except for some andesitic lavas, both holocrystalline and glassy rocks of the Indian Peak volcanic field are decidedly potassic and fall in the high-K field of Ewart (1979) . On the tectonic discrimination diagrams of Pearce and others (1984) , which are based on Rb, Nb, and Y abundances, the rhyolites and dacites also show their similarity to subduction-related volcanic-arc granites world- 
Andesitic Lavas
Minor volumes of intermediatecomposition lava were extruded from numerous vents in and near the Indian Peak caldera complex during the lifetime of the magma system but chiefly during deposition of the Escalante Desert Formation at -32 Ma. Most are petrographically the same in that they contain phenocrysts of calcic plagioclase, augite, hypersthene, and magnetite in a matrix of the same plus variable amounts of brown glass. A few flows of all ages (such as numbers 9 and 12 in Table 1 ) also contain hornblende and biotite. Chemically, the intermediatecomposition lava flows are variable and range from basaltic andesite to dacite (Fig. 7) . Two flows that plot in the dacite field are not petrographically different from those that lie in the andesite field. Although most are high-K, they range to low-K and no single value of K57.5 (Gill, 1981) exists. This variety suggests that they cannot be comagmatic. The most dktinctive variation occurs in MgO concentrations. High and low MgO andesites were extruded throughout the lifetime of the system. Flows with greater than 4.5 wt% MgO (numbers 3,4, 5, and 9 in Table 1 ) have lower A1203 and P2O5 and higher K20, K20/Na20, and Fe203/Ti02 than other flows at comparable Si02 concentrations. The most primitive flow (no. 5) of the high-MgO type (a basaltic andesite) extruded well beyond the caldera complex northeast of Crystal Peak, contains phenocrysts of olivine instead of hypersthene. Like volcanic rocks found in other subduction settings, all of the andesitic rocks have negative Nb anomalies (on chondrite normalized diagrams), with the deepest anomalies found in the high MgO lavas.
Rhyolitic Tuffs and Lava Flows
Rhyolitic tuffs and lavas of the caldera complex are a petrographically similar suite of rocks that contain less than about 15% phenocrysts (Fig. 6 ), chiefly plagioclase (generally andesine), and minor biotite and Fe-Ti oxides; some samples also have hornblende, quartz, clinopyroxene, or sanidine that together generally make up less than 1%. Apatite and zircon are trace constituents.
The rhyolitic rocks are all slightly peraluminous and have high K20/Na20 ratios whether or not they are vitrophyres. Although most samples are low-Si02 rhyolites, Si02 contents range from 68% to 77% on an anhydrous basis (Table   2) . Only two units can be considered as highSi02 rhyolites, a lava from the Escalante Desert Formation and the basal Ripgut tuff. These high8i02 rocks, which contain only sparse quartz phenocrysts, differ from other rhyolitic rocks in their lower concentrations of Zr (less than 150 ppm), Fe203, Ti02, and MgO; it is notable, however, that compared to the lowSi02 rhyolites, the high-Si02 rhyolites are not more enriched in the incompatible elements Rb or Nb nor depleted in sanidinecompatible elements such as Ba.
All of the rhyolitic tuffs are normally zoned, both petrographically and chemically. In addition to its phenocryst zonation, the Lamerdorf The younger rhyolitic tuft3 (Ryan Spring and Ripgut) which appear to have been emplaced relatively soon after eruption of the voluminous dacite ash flows, are chemically distinct from the rhyolite lavas and tuffs of the Escalante Desert rocks differ significantly from early and middle All three dacite tuff units contain about 40% phenocrysts, more than half of which are zoned calcic andesine (Fig. 6) . Other phenocrysts include biotite, hornblende, quartz and minor to trace amounts of clino-and ortho-pyroxene, FeTi oxides (chiefly cubic), zircon, and apatite. The Lund is the only unit that contains titanite and sanidine. Sue of phenocrysts varies within and between units. Overall, the Cottonwood Wash Tuff has the largest phenocrysts, and this character prevails almost to the top of the deposit. In contrast, the Wah Wah Springs outflow member is finest grained (about 2 mm or less) in its lower part and coarsest (5 mm or so) at the top. Crystal size in the Lund is rather uniform throughout.
Cognate inclusions are ubiquitous in the dacite tuff units. Most of these were pumiceous lapilli compacted with the host tuff, but rarely pumice blocks to as much as 30 cm in diameter have been found in weakly welded tuff. The suite of inclusion samples also includes three (nos. 11, 12, and 14) that are weakly vesicular to nonvesicular vitrophyres. Although the cognate relation of all of the inclusions to their host tuff is indicated by similarities of characteristic phenocryst assemblage and bulk composition of each unit, the origin and significance of the nonvesicular inclusions is problematic, and further investigations are underway. Such inclusions have been noted in other ash-flow deposits (for example, Noble and others, 1974) .
Although dacite tuft3 are petrographically strikingly different from andesitic lava flows and from rhyolitic tuft3 and lava flows, bulk chemical compositions of dacites slightly overlap the extreme variants of these units and bridge between them to form an overall continuous com- Formation. The younger, dacite-associated rhyolites have lower concentrations of Zr, Ti02, and K 2 0 and significantly higher CaO at similar Si02 concentrations (Fig. 8) . Moreover, silicic rocks of the Escalante Desert Formation extend to lower silica contents; some lavas included in this unit are alkali-rich dacite or trachydacite (Fig. 7) . Thus, all of the silicic rocks of the Escalank Desert Formation have compositional similarities to the Isom. As a group, Oligocene calc-alkaline rhyolitic
Miocene rhyolites erupted in the same area (Best and others, 1987~) . The genetically distinct, younger highSiOz magmas have abundant phenocrysts of quartz and sanidine, were erupted in small volumes from numerous local vents to form flows, domes, and tuffs, are strongly enriched in F and other incompatible elements, and have higher Fe/Mg ratios (Christiansen and others, 1986).
Dacite Thus, compared with dacite-associated rhyolitic rocks of the Ryan Spring and Ripgut Formations, Isom magmas were erupted at higher temperature (see also next section), contain pyroxenes instead of biotite as major mafic phenocrysts, and have higher alkali contents. Nonetheless, compared to rhyolite lava of the Escalante Desert Formation whose extrusion initiated the eruptive lifetime of the Indian Peak magma system, the Isom has similar high Zr and low Fe203/Ti02 and CaO/A1203 ratios. Perhaps the genetic conditions which led to these distinctive compositions were nearly reproduced at the beginning and close of eruptive activity of the system. Following the suggestion of Meen (1987) , it is possible that high-pressure fractionation of pyroxene from a more mafic parent led to substantial enrichment of K and incompatible elements without a commensurate increase in Si02. Clinopyroxene-dominant fractionation could have p r o d u d the low CaO/A1203 ratios in the differentiates.
positional spectrum that ranges from the low MgO andesites to the low Zr rhyolites (Table 2 and Fig. 8) . Part of the chemical variation in the contain higher elemental concentrations of Ti, Al, Fe, Mg, Ca, P, and Sr, and lower of Si, Na, and K. Microprobe analyses (W. P. Nash, 1985 , dacite tuffs may be a consequence of mechanical fractionation of crystals and lighter glass during eruption and emplacement of the crystal-rich ash-flows (Sparks and Huang, 1980) . The volume of far-traveled ash can be a significant, even equivalent, volume compared to the associated ash-flow deposits. G. A. Izett (1987, oral commun.) has found beds of ash near the base of the written commun.) of glass in cognate inclusions from the base of the outflow and from the top of the intracaldera Wah Wah Springs tuff show that both glasses are rhyolitic with low Fe/Mg ratios and no analytically significant differences. Thus, inclusion compositions suggest some small, but stratigraphically systematic, zonation in the Wah Wah Springs ash flows. Further evaluation of chemical variation in these largevolume dacite deposits must include additional comparisons of intra-and extracaldera tuffi and cognate inclusions, especially their phase comArikaree Group in Nebraska that have age and crystal composition appropriate for the Needles Range dacite tuffs. Some sort of glass/phenocryst fractionation probably explains the differences between analyses 3/4 gnd 7/8 which positions (compare with Grunder and Boden, 1987) .
Compositions of cognate inclusions of the Cottonwood Wash and Lund tuffs are distinct represent matrix/pumice pairs from the Cottonwood Wash and Wah Wah Springs tuffs. Elemental enrichments (Ti, Al, Fe, Mg, Ca, Sr, P, and Zr) and depletions (Si, K, and Rb) are for most elements from each other and from those in the Wah Wah Springs ( Fig. 8 ; Table 3 ). Moreover, based on bulk compositions of tuff and inclusions, the Lund is the least evolved of consistent with the accumulation of plagioclase, zircon, apatite, and mafic minerals. Linear variation trends in the dacites ( Fig. 8 ) suggest andesitic and crustal silicic materials were both the dacites. Nonetheless, it has the most quartz Generalities Regarding P-T-X in the Magma System important in the development of the magmas. Scott and others (1971) report initial 8 7~r / 8 6~r ratios that range from 0.7088 to 0.7099 for plagioclases from dacitic tuffs of the Needles Range of the three, contains sanidine, a smaller proportion of mafic phenocrysts, and no free pyroxene. As total abundance of phenocrysts is about the same in all the dacites, slight but significant difComparisons of the phenocryst assemblages found in rocks of the Indian Peak field with experimentally determined phase relations for similar compositions allow some inferences to be drawn about the intensive parameters of Group which are consistent with a substantial ferences in intensive parameters, rather than differences in extent of crystallization or composition, must have prevailed in the dacite magma bodies.
crustal component in these rocks. Compared to other tuffs in the volcanic field at the same Si02 content, the trachytic Isom Formation has higher concentrations of Ti02, Zr, Ba, Rb, and K20, and much lower CaO concentrations. In spite of the high alkali content, the Isom rocks are not peralkaline and by strict IUGS usage (Le Bas and others, 1986) , cites, particularly the Lund, which has the same phenocryst assemblage of quartz, plagioclase, sanidine, biotite, hornblende, ilmenite, magnevitrophyres and immediately overlying devitrified tuffs of a single deposit (nos. 1 and 2, and 5 and 6) could reflect a slight vertical zonation or tite, and titanite. Experiments show that this mineral assemblage is stable at relatively low PH,o/P,d, less than 0.5, and at relatively low temperatures of about 760 "C. The assemblage, simply mechanical fractionation of crystals and glass during eruption and emplacement. Alternatively, differences between more mobile elements could have developed during hydration most samples are trachydacite because of their high normative quartz content. Moderate Fe/Mg ratios place them in the calc-alkaline field (Fig. 7) . Thus, the Isom tufh are substantially different from trachytes erupted from younger caldera complexes in the Great hasin which have higher Fe/Mg ratios and are commonly peralkaline (Novak and Mahood, 1986 Lund suggest a pressure of crystallization of about 2.5 kb using the calibration of Johnson and Rutherford (1989) . The presence of the oxygen-buffering assemblage titanite-magnetitequartz-clinopyroxene-hornblende in the Lund pumice lumps from the base and top of the outflow tuff member of the Wah Wah Springs Formation (nos. 8 and 9 in Table 3 and Fig. 8 ) are sufficiently different in some elements (Ti, however, the Isom is similar to trachytic rocks from the middle Tertiary Trans-Pews volcanic field (Henry and others, 1988) . The high Zr concentrations of the Isom detuff is consistent with its crystallization at relatively high fugacity of oxygen, nearly 2 log units above the QFM buffer (Noyes and others, Fe, and P) to exceed analytical and geological uncertainties. Greater zonation in the Wah Wah Springs tuff is evident in a comparison of inclu-1983). Such high oxygen fugacity is consistent sions from the outflow and intracaldera deposits. mand a high eruption temperature (Watson and Harrison, 1983) . Magnetite-ilmenite and twopyroxene geothermometry indicates an equilibration temperature of about 950 "C.
with the over-all calc-alkaline character of the magmas erupted from the Indian Peak magma Inclusions from the intracaldera member are significantly and systematically more mafic than those from even the top of the outflow tuff and system. The experiments of Johnson and Rutherford (1989) show phase assemblages which lack sanidine (as in the Wah Wah Springs and Cottonwood Wash tuffs) are formed at temperatures of 800 to 900 OC. Nusbaum (1988) reports Fe-Ti oxide temperatures for the Wah Wah Springs of 800 to 880 OC and oxygen fugacity of about 2 log unit above QFM.
We noted earlier that the intracaldera tuff of the Wah Wah Springs Formation commonly has slightly more quartz than does the outflow tuff. According to the experiments of Clemens and Wall (1981) and Naney (1983) which show positive dP/dT slopes for the quartz phase boundary, a slightly greater pressure and/or lower water content could account for this difference. Either of these differences is compatible with a somewhat deeper source for the intracaldera Wah Wah Springs tuff. The less evolved chemical composition but greater quartz content of the Lund tuff could be explained by the same relative shift in P and water content, or a lower eruption temperature as indicated above.
Rhyolitic rocks of the Indian Peak caldera complex have near-liquidus phenocryst assemblages dominated by plagioclase and biotite with little or no hornblende, sanidine, or quartz, even though concentrations of Si02 and K20 are high, as in the lower Ripgut tuff. The experiments of Naney (1983) and Clemens and Wall (1981) suggest that this assemblage requires water concentrations in the magma in excess of 3 to 4 wt%. The expansion of the quartz stability field relative to plagioclase with increasing pressure documented by Tuttle and Bowen (1958) , Clemens and Wall (1981) , and Naney (1983), also limits the crystallization of the quartz-poor rhyolites of the Indian Peak magma system to relatively low pressures, less than 4 kb.
The two-pyroxene plagioclase assemblage of the Isom tuff was reproduced by Naney's (1983) experiments with a low-silica granite at temperatures which range from 900 to 980 OC (at 8 kb) and at 820 to 920 OC (at 2 kb) at water concentrations less than 3.5% in the magma. The experiments of Johnson and Rutherford (1989) suggest that the Isom assemblage is stable at low pressures (<2 kb) and temperatures of about 900 OC. These suggestions of high temperature are in accord with the geological evidence and with the relatively high temperatures from mineral geothermometers.
DISCUSSION AND CONCLUSIONS
Important conclusions that can be drawn from the foregoing information include the following.
1. The Indian Peak caldera complex is a cluster of four nested calderas and two poorly defined sources covering a present area of about 80 x 120 km. This caldera complex and related volcanic rocks are the surface manifestation of an underlying, major magmatic system that vented on the order of 10,000 km3 of magma about 32 to 27 Ma. 2. Eruptions from this open magma system, which included discrete magma chambers whose size, shape, and constituents changed with time, yielded a variety of andesites, dacites, rhyolites, and trachydacite rocks that cannot have been strictly comagmatic, that is, derived from a single magma body. These rocks are calcalkaline with low to moderate Fe/Mg ratios, low TiOz, inferred high oxygen fugacities, and, in the andesitic rocks, sizable Nb depletions.
With the exception of some andesites, all are potassic with K20>Na20. Although also showing many calc-alkaline characteristics, low-silica rhyolites and a trachydacite ash-flow with distinctive enrichments of incompatible elements were erupted, respectively, early and late in the evolution of the magma system. 3 . In contrast to the Marysvale and San Juan volcanic fields that are marginal to the Colorado Plateaus, no protracted extrusion of andesitic lava flows preceded ash-flow eruptions from the Indian Peak magma system in the Great Basin. Only trivial extrusions (an estimated few percent of the volume of silicic tuff) occurred during its 5-m.y. lifetime. Chemically variable two-pyroxene andesitic magmas erupted throughout the history of the system from vents both within and outside the caldera cluster. Although small in volume, these extrusions are considered to manifest a mantle input produced above a subducting slab of lithosphere. Their variable and evolved compositions, however, must reflect differentiation in an open system, including variable mafic magma recharge, crustal contamination, crystal fractionation, and mixing with silicic crustal melts. The greatest volumes of andesite lava flows were extruded early and late in the life of the system. A reduced mid-life rate of andesite eruption could reflect the difficulty of ascent through overlying less dense silicic magma bodies as the magma system matured. 4 . The voluminous dacite tuffs and the trachydacite Isom tuff were derived from sources that migrated southward through time (Fig. 2) . This transgression mimics in rate and direction the pattern of volcanic activity in the entire Great Basin (Cross and Pilger, 1978; Best and others, 1989a) and suggests that sites of magma generation or eruption shifted in response to regional dictates. 5 . The history of the Indian Peak magma system is marked by cyclic eruptions of petrographically similar, compositionally zoned, lithic-rich rhyolites and more voluminous, crystal-rich dacites and a final trachydacite ash flow. Rather similar conditions of magma generation and evolution, as well as extent of crystallization prior to eruption, were recurrently achieved in the magma system. 6. In detail, however, conditions of rhyolite and dacite magma generation differed somewhat through the lifetime of the system. For example, Escalante Desert silicic rocks are chemically distinct from younger rhyolites, and modes of the Ryan Spring tuffs show their affinity to the Wah Wah Springs dacite (phenocryst assemblages which lack sanidine), whereas the Ripgut shows similarities to the Lund (both have sanidine and titanite). The erupted Lund magma apparently partially crystallized under different conditions from the other dacites.
7. Eruption of Ryan Spring and Ripgut rhyolite magma appears to have followed closely in time after the voluminous dacite eruptions, rather than the reverse, because epiclastic deposits overlie each of the rhyolite deposits but not the dacites. The oldest rhyolitic magmas from the Indian Peak system, forming the chemically distinctive Escalante Desert Formation, were associated with no precursory dacite, possibly because only enough mantlederived thermal power had been inserted into the crustal system to generate a quasi-bimodal rhyolite-andesite association. 8 . It is improbable that rhyolitic magma existed as a capping differentiate of a compositionally stratified magma body immediately before eruption of dacite ash flows. This conclusion follows from (a) the absence of zoned rhyolite to dacite cooling units; (b) inappropriate time relationships (Escalante Desert rhyolitic magmas were erupted about 2 m.y. before the succeeding large-volume dacite of the Cottonwood Wash Tuff, and the occurrence of epiclastic deposits suggest a hiatus between eruption of rhyolite and following dacite); and (c) the difficulty of withdrawing thousands of cubic kilometers of dacite magma from a chamber without tapping any rhyolite magma which hypothetically capped a zoned chamber. Vigorous convection in dacite magma chambers could have precluded the existence of gravitationally stable caps of rhyolite.
9. Distinctive enrichments in TiOz, alkalies, and especially Zr occur in rhyolitic and trachytic rocks formed during waxing and waning stages of the Indian Peak magma system compared to rhyolitic rocks of its mid-life. These differences reflect differences in magma source conditions or subsequent diversification processes. 10 . The denouement of the Indian Peak magma system is associated with the migration of magmatism to the south and waning mantle thermal input into the system. Magmas erupted from the "temporal flank" of the waning magma system include the trachydacite Isom tuff and andesitic lavas. The distinctive characteristics of the Isom (high concentrations of alkalies and incompatible elements for its Si02 content, high temperature, and anhydrous mineral assemblage) suggest that it was derived by fractionation of andesitic magmas.
Following a hiatus of at least 3 m.y. after eruption of the Isom magmas from the Indian Peak system, the Caliente caldera complex (Rowley and Siders, 1988; Best and others, 1989a) , centered about 40 km to the south (Fig. l) , came to life, marking the continued southward migration of volcanism.
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